We report on a quantitative investigation of doping-induced contrast in photoelectron emission microscopy (PEEM) images of Si devices. The calibration samples were fabricated using standard photolithography and focussed ion beam (FIB) writing, and consisted of p-type (B) stripes of different nominal dopant concentrations (10 18 -10 20 cm -3 ) and line separations, written on n-type (N d =10 14 cm -3 ) Si(001) substrates.
It has been known since the 1960s that the photothreshold of clean, cleaved Si(111) decreases when the sample is heavily to degenerately doped 2, 4, 5 . The reason for this is that surface-state associated Fermi level pinning results in band bending, which for p-doping reduces the photothreshold for electrons excited from sufficient depth in thebulk.
The magnitude of the band bending is determined by the doping level, the position of the surface states relative to the bulk Fermi level and the density of surface states. For a small number of surface states, the energy bands will be flat upto the surface and PEEM contrast due to doping should not occur. To control the surface state characteristics, we have used a wet-chemical oxidation as a standard preparation. Scanning tunneling spectroscopy observations of pn devices fabricated on Si(001) prepared in this way indicated a small enough density of interface states to allow tip induced band bending 6 .
Previous PEEM observations on the same devices, however, indicated that this interface state density was large enough to result in observable contrast 3 . In this letter, we report a quantitative investigation of the contrast available in PEEM images of pn junctions as a function of silicon dopant concentration, and the sensitivity of the contrast to overall band bending.
A The vertical p-type lines (produced by photolithography) are nominally 10 18 cm -3 p-type.
The 10 18 cm -3 FIB lines yield a significantly lower intensity. As discussed below, this is due to differences in the vertical implant profile in the three implantation procedures.
To make a quantitative assessment of the PEEM intensity from each set of doping levels, line scans were measured from the image data. In a given image, a single p-type FIB line, a photolithography line and the surrounding n-type region were defined and a series of line scans perpendicular to the FIB line were averaged. Typically, 20 to 25 lines were averaged to produce an intensity profile with a rms fluctuation that is less than 1\% of the average intensity from the n-type region. The intensity from the photolithography Table I . Also shown in Table I (column 2) are the doping levels in the near surface region, calculated using SUPREM-IV 8 .
Using theory developed by Kane 9 , photoyield ratios were calculated. The photoyield Y from the valence band for an indirect optical excitation near threshold can be expressed as Poisson's equation in the space charge region 10, 11 . It has been shown that formation of an oxide layer on Si will lower the density of surface states 6, 12, 13 . We find that if the density of pinning states is at least few percent of the clean surface state density, surface band bending leading to behavior qualitatively like that seen in Fig. 2 If the number of interface states is too small, the calculated intensity ratios will not increase as the doping level is increased over the entire range we have studied. We have found that the interface state density must be approximately 5x10 13 In the calculations done here, emission from surface states to the photoyield has been neglected. Spatially averaged photoemission measurements from cleaved Si surfaces of different dopant concentrations 5 suggested that the contribution of surface states to the photoemission yield is independent of type and doping level. We note that at doping levels higher than 10 18 cm -3 , which includes most of the range we have investigated, the surface state contribution is small compared with the valence band contribution.
In conclusion, we find that differences in relative PEEM intensities in images of devices show a systematic variation with p-type dopant concentration. Within the range photothreshold slightly below our maximum photon energy. However, the calculated intensity ratios are quite sensitive to the difference between the photon energy and the 
